DEAD/H-box NTPases remodel the spliceosome at multiple steps during the pre-mRNA splicing cycle. The RNA-dependent NTPase Prp43 catalyzes dissociation of excised lariat-intron from the spliceosome, but it is unclear how Prp43 couples the energy of ATP hydrolysis to intron release. Here, we report that activation of Prp43's inherently feeble helicase activity by the splicing factor Ntr1 is required for lariat-intron release. Lethal Prp43 mutants T384A and T384V, which are active for ATP hydrolysis and fail to dissociate lariat-intron from spliceosomes, are refractory to stimulation of RNA unwinding by Ntr1. An N-terminal 120-amino-acid segment of Ntr1 suffices for binding to Prp43 and for stimulating its helicase activity. We identify missense mutations in Prp43 and Ntr1 that disrupt protein-protein interaction and impair Ntr1 enhancement of Prp43 RNA unwinding. Our results demonstrate for the first time that regulating the motor activity of a DEAH-box protein by an accessory factor is critical for mRNA splicing.
act in vivo. To determine whether this reflects direct binding, we assessed complex formation in vitro. The purification of recombinant Prp43 protein, as His 10 -Prp43 and in native tag-free form, was carried out as described (Martin et al. 2002; Tanaka and Schwer 2006) . Our attempts to purify the 708-amino-acid Ntr1 protein, fused to an N-terminal His 10 or a His 10 -Smt3 tag, were not successful, insofar as the bacterially expressed Ntr1 polypeptide was mostly insoluble and the small amount present in the soluble fraction was aggregated (data not shown). We found that coexpression of Ntr1 with the 322-amino-acid Ntr2 polypeptide increased the solubility of Ntr1 and prevented aggregation. Thus, His 10 -Smt3-Ntr1 was produced in bacteria together with untagged Ntr2, and the proteins were isolated from a soluble lysate by nickel-agarose chromatography. The N-terminal His 10 -Smt3 tag was removed by cleavage with the protease Ulp1, and tag-free native Ntr1 was purified by gel filtration. The predominant species in the preparation was the 83-kDa Ntr1 protein, which sedimented as a single discrete peak in a glycerol gradient (Fig. 1A) . Although Ntr2 was not detected in Coomassie blue-stained SDS gels, Western blot analysis of the gradient fractions using Ntr2-specific antibodies revealed that small amounts of the 37-kDa Ntr2 polypeptide had copurified and then cosedimented with Ntr1 (see Supplementary  Fig. 1 ). We estimated by Western blotting that the molar ratio of Ntr1:Ntr2 in the peak fractions was Ն10:1 (data not shown).
Prp43 by itself sedimented as a discrete monomeric peak (fractions 5-7) coincident with the ATPase activity profile (Fig. 1A,B) . When Prp43 was mixed with Ntr1 and the mixture was analyzed by glycerol gradient sedimentation, the proteins cosedimented as a complex in fractions 9-11 (Fig. 1A) . The complex sedimented similarly to the marker protein aldolase (156 kDa) that was analyzed in a parallel gradient, indicating that Prp43 and Ntr1 form a heterodimer. A small fraction of the complex also contained Ntr2 that copurified with the Ntr1 protein (see Supplementary Fig. 1 ). The peak of RNAdependent ATPase activity coincided with the abundance of the protein complex (Fig. 1B) . Complex formation did not influence the ATPase activity of Prp43 insofar as the rates of RNA-dependent ATP hydrolysis by gradient-purified Prp43 and Ntr1-Prp43 complex were virtually identical ( Fig. 1B ; data not shown). Moreover, Ntr1 did not affect the RNA cofactor requirement and the ATPase activities in the absence of poly(A) were similarly low (Յ1 µM/min) in the peak fractions of the Prp43 and Prp43 + Ntr1 gradients (Fig. 1B) .
Ntr1 stimulates Prp43's helicase activity
Prp43 disrupts short nucleic acid duplexes with singlestranded RNA (ssRNA) overhangs in an NTP-dependent fashion, albeit only at enzyme concentrations in large excess over the helicase substrate (Tanaka and Schwer 2006) . To determine whether Ntr1 influenced the inherently weak helicase activity of Prp43, we measured ATPdependent disruption of a 20-base-pair (bp) RNA/DNA duplex containing 5Ј and 3Ј RNA tails ( Fig. 2A) . When the helicase substrate (2.5 nM) was incubated with Prp43 (100 nM) for 30 min at 37°C, the labeled single-stranded 20-mer, which migrates ahead of the double-stranded substrate in an SDS-containing polyacrylamide gel, constituted 16% of the total labeled nucleic acid ( Fig. 2A , lane 3). However, when Ntr1 (100 nM) was added to the reaction mixture containing Prp43, 72% of the helicase substrate was unwound ( Fig. 2A , lane 4), indicating that Ntr1 activates the Prp43 helicase. In reactions containing Ntr1 alone, 17% of the labeled nucleic acid migrated as the single-stranded species (Fig. 2A , lane 6), compared with 10% in the reaction without added protein ( Fig. 2A , lane 2). In contrast to unwinding by Prp43 and Prp43 + Ntr1, the low level of strand displacement by Ntr1 alone was independent of ATP and incubation time (data not shown), indicating that Ntr1 by itself does not have helicase activity.
The N-terminal 120-amino-acid segment of Ntr1 suffices to enhance Prp43 helicase activity
The 122-amino-acid N-terminal segment of Ntr1, which contains a glycine-rich G-patch motif, sufficed for interaction with Prp43 in a two-hybrid assay in vivo (Tsai et al. 2005) . Here, we produced His 10 -Smt3-Ntr1(1-120) in bacteria and purified it from a soluble lysate by nickel affinity chromatography. Note that His 10 -Smt3-Ntr1(1-120) was produced in the absence of Ntr2. The 34-kDa His 10 -Smt3-Ntr1(1-120) protein sedimented as a discrete peak in a glycerol gradient (Fig. 2B ). When mixed with equimolar amounts of Prp43, the sedimentation profile of His 10 -Smt3-Ntr1(1-120) shifted to a heavier form and peaked with the Prp43 protein in fractions 7-11 (Fig. 2B) . Thus, the N-terminal domain of Ntr1 sufficed to interact with Prp43 in vitro.
When we measured ATP-dependent unwinding of a 20-bp 5Ј/3Ј-tailed duplex by 100 nM Prp43 in the presence of the N-terminal domain of Ntr1 (100 nM), we found that the single-stranded 20-mer comprised 92% of the total labeled nucleic acid ( Fig. 2A, lane 5) . Incubation of Ntr1(1-120) alone resulted in a slight increase of single-stranded 20-mer (14% in Fig. 2A , lane 7) compared with protein-free background (10% in Fig. 2A, lane 2) , which was independent of ATP (data not shown). We considered that binding of the Ntr1 and Ntr1(1-120) proteins to the substrate might destabilize the 20-bp duplex; however, we have been unable to detect RNA binding by Ntr1 or Ntr1(1-120) using gel-shift and filter-binding assays. Helicase stimulation was dependent on the concentration of Ntr1(1-120) (Fig. 2C) . At 100 nM Prp43, increasing concentrations of Ntr1(1-120) from 20-100 nM increased the rate and extent of unwinding. Based on the initial rates of unwinding, Ntr1(1-120) stimulated Prp43 helicase ∼30-fold.
Prp43 by itself does not display strict directionality, but disrupts short duplexes with 5Ј or 3Ј overhangs (Tanaka and Schwer 2006) . To assess whether the Ntr1-stimulated Prp43 helicase exhibited a preference for substrates with 5Ј or 3Ј overhangs, we measured ATP-dependent unwinding of a 3Ј-tailed 35-bp and a 5Ј-tailed 30-bp RNA/DNA duplex (Fig. 2D) . Whereas Prp43 alone failed to displace the labeled 35-mer in the 3Ј-tailed duplex, addition of Ntr1(1-120) enabled Prp43 to unwind nearly all of this substrate in the course of a 60-min reaction (Fig. 2D, top panel) . Ntr1(1-120) also enhanced Prp43 unwinding of the 30-bp 5Ј-tailed duplex (Fig. 2D , bottom panel). Similar stimulation of Prp43 unwinding of 5Ј-and 3Ј-tailed substrates was observed with fulllength Ntr1 (data not shown).
The lethal Prp43-T384A and Prp43-T384V mutants are unresponsive to stimulation by Ntr1
Lethal valine and alanine mutations at residue Thr-384 in motif V of the ATPase/helicase domain did not diminish RNA binding or basal ATP-dependent RNA unwind- ) were sedimented in 15%-30% glycerol gradients, and aliquots (10 µL) of the odd-numbered gradient fractions were analyzed by 8% SDS-PAGE. The Coomassie blue-stained gels are shown. The positions of Prp43 and Ntr1 are indicated at the left. The peak positions of marker proteins chymotrypsinogen (Chym.) (25 kDa), BSA (67 kDa), aldolase (156 kDa), and catalase (232 kDa), sedimented in a parallel gradient, are indicated at the top. (B) ATPase activity. ATP hydrolysis was measured in the absence and presence of poly(A) RNA. ATPase activities (micromolar per minute) are plotted for all fractions from gradients in which Prp43 (dashed line, with RNA cofactor; ⌬, without RNA) and Prp43 + Ntr1 (solid line, with RNA; ᮀ, activity without RNA) were analyzed. ing activities of Prp43 (Tanaka and Schwer 2006 ). Here we tested the effect of Ntr1 on ATP-dependent RNA unwinding by the T384A and T384V proteins (Fig. 3) . The 5Ј/3Ј-tailed 20-bp RNA/DNA duplex (2.5 nM) was incubated with 500 nM T384A or T384V proteins in the absence or presence of 500 nM Ntr1(1-120) (Fig. 3A,B) . In parallel, we analyzed the viable T384S mutant and wildtype Prp43 (Fig. 3C,D) . Whereas addition of Ntr1(1-120) did not influence the rate and extent of unwinding by T384A and T384V, it stimulated the helicase activity of the T384S protein. From the initial rates, we determined that Ntr1 enhanced unwinding by T384S protein approximately fourfold. The rate enhancement for wildtype Prp43 at 500 nM was ∼30-fold. Although the initial rate of T384S helicase activity in the absence of Ntr1 is higher than that of wild-type Prp43, the T384S mutation does not alleviate the requirement for Ntr1 in vivo or in vitro (data not shown).
We used affinity-chromatography to query whether the T384A and T384V mutations affected Prp43 binding to Ntr1 (Fig. 3E) . Wild-type and mutant Prp43 proteins were mixed with His 10 -Smt3-Ntr1 and the mixtures were then adsorbed to Ni-agarose resin. The resin was collected by centrifugation, the pellets were washed, and the bound proteins eluted and analyzed by SDS-PAGE.
The His 10 -Smt3-Ntr1 protein bound to the resin by virtue of its His 10 -tag, while the untagged Prp43 proteins did not bind to Ni-agarose in the absence of His 10 -Smt3-Ntr1. However, when mixed with His 10 -Smt3-Ntr1, wild-type Prp43 and the T384A, T384V, and T384S mutant polypeptides were all recovered in the bound fractions. These results indicate that the failure of the T384A and T384V helicases to respond to Ntr1 was not due to loss of binding.
The mutational effects on helicase activation correlated well with the mutational effects on Prp43's function in spliceosome disassembly, insofar as the T384A and T384V mutants, which were unresponsive to Ntr1, were lethal in vivo and did not catalyze release of excised-lariat RNA from the spliceosome in vitro (Tanaka and Schwer 2006) . This was in contrast to Prp43-T384S, which was activated by Ntr1, and was functional in vivo and in vitro. Taken together, these findings suggest that activation by Ntr1 is critical for Prp43 function.
Missense mutations in the Ntr1 G-patch diminish binding to Prp43 and helicase activation
The N-terminal segment of Ntr1 encompassing the Gpatch motif sufficed for interaction with Prp43 (Fig. 2B) . . Aliquots were withdrawn at the indicated times and analyzed by PAGE. Autoradiographs of the dried gels are shown.
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To assess whether residues that are conserved in the glycine-rich segment of G-patch proteins are important for Ntr1's interaction with Prp43, we replaced Leu-68, Leu-69, and Leu-80 individually or in pairs by alanine in His 10 -Smt3-Ntr1(1-120). The mutant polypeptides were partially purified from bacterial lysates and analyzed by affinity-chromatography for binding to native Prp43 (Fig. 4A ). When Prp43 was mixed with wild-type His 10 -Smt3-Ntr1(1-120) prior to adsorption to Ni-agarose, Prp43 was recovered in the bead-bound fraction together with tagged Ntr1(1-120). In contrast, when mixed with the L68A, L69A, L80A, L68A-L80A, and L69A-L80A His 10 -Smt3-Ntr1(1-120) mutant polypeptides, the bulk of Prp43 was found in the unbound supernatants (Fig. 4A ).
The Ntr1(1-120) mutant proteins that were defective for Prp43 binding were also impaired in their ability to stimulate ATP-dependent Prp43 helicase activity (Fig.  4B ). In the presence of wild-type Ntr1(1-120), Prp43 unwound 85% (adjusted for background) of a 20-bp duplex substrate. The L68A, L69A, L80A, L68A-L80A, or L69A-L80A mutant Ntr1(1-120) proteins enabled Prp43 to unwind 21%, 29%, 20%, 11%, or 18% of the substrate, respectively.
Mutational effects on Ntr1 function in vivo
G-patch mutations were introduced in the context of full-length NTR1 and the ability of mutant alleles to complement an ntr1⌬ strain was assessed using the plasmid shuffle method. Ntr1 mutants L68A, L69A, Y74A, and L80A grew as well as wild-type cells at 30°C, and they elicited only a mild growth defect at 37°C. The double-alanine mutant L68A-L80A failed to support growth of ntr1⌬ cells, and L69A-L80A cells grew poorly and formed only pinpoint colonies after prolonged incubation (data not shown). Thus, although the mutational effects on Ntr1 function in vivo generally paralleled the effects on Prp43 helicase stimulation in vitro, insofar as L68A-L80A, which was lethal, was least effective in enhancing the Prp43 helicase activity, the effects were disproportionately more severe in vitro. Single alanine replacements at conserved residues in the Ntr1 G-patch diminished binding of the purified proteins, but they did not disrupt Ntr1 function in vivo, suggesting that other contacts contribute to Ntr1/Prp43 interaction in the context of the spliceosome.
Genetic interactions between Prp43 and Ntr1
If the L68A-L80A mutant was lethal because it disrupts the Ntr1/Prp43 interaction, then specific mutations in PRP43 might elicit synthetic lethal effects in partially defective, but viable ntr1-L68A cells. Such Prp43 mutations might identify (1) elements of the Prp43-Ntr1 interface, or (2) residues that are important in the absence of Ntr1 binding. We generated a prp43⌬ ntr1⌬ strain, growth of which is contingent on a URA3 PRP43 NTR1 CEN plasmid. This allowed us to readily screen viable prp43 alleles in combination with ntr1 mutant alleles using the plasmid shuffle method. We primarily chose prp43 alleles that elicited no growth defects or showed only mild phenotypes at 30°C in an NTR1 background (Martin et al. 2002; Tanaka and Schwer 2006) and introduced them together with ntr1-L68A into the prp43⌬ ntr1⌬ strain (see Supplementary Table 1) . Individual transformants were streaked to 5-FOA-containing medium at 30°C to select against cells that retained the URA3 PRP43 NTR1 CEN plasmid. Of 45 prp43 alleles that were tested, 35 showed no growth difference in ntr1- L68A compared with NTR1 cells. Five prp43 alleles slowed the growth of ntr1-L68A cells at 30°C and five prp43 alleles were lethal in conjunction with ntr1-L68A. One of the synthetic lethal mutations mapped within the ATPase/helicase domain (prp43-Y402C). Three other synthetic lethal alleles had Ala-cluster mutations in the C-terminal domain of Prp43 (L439A-Y440A, I648A-R649A-K650A, and W717A-L718A-I719A) and one was a C-terminal truncation of 45 amino acids.
Prp43-Y402C is located between motifs V and VI in a segment that is conserved among DEAH-box splicing factors (Fig. 5A) . To determine whether specific amino acid side chains within this region are important for Prp43 function and to ascertain whether the observed synthetic lethal effect is specific for the Tyr-402-Cys change, we introduced alanine in lieu of Tyr-402 and vicinal amino acids Ile-385, Ile-388, Tyr-390, Asp-393, Phe-396, Lys-398, and Leu-411, and then assessed the mutational effects in NTR1 and ntr1-L68A cells (Fig. 5B) . Four classes of effects were seen: (1) prp43-D393A was lethal even in an NTR1 background (data not shown). (2) prp43 mutants I385A and I388A grew similar to wildtype PRP43 in ntr1-L68A cells at all temperatures ( Fig.  5B ; data not shown). (3) Y390A, F396A, and L411A supported growth of NTR1 and ntr1-L68A cells; however, they significantly exacerbated the growth phenotype that was seen in PRP43 ntr1-L68A and PRP43 ntr1-L80A cells at 37°C ( Fig. 5B; Supplementary Fig. 2A ). (4) prp43 mutants K398A and Y402A, which showed wild-type growth at 30°C in an NTR1 strain (Fig. 5B) , were lethal in combination with multiple ntr1 mutant alleles, including L68A ( Fig. 5C ; data not shown). Thus, the peptide encompassing amino acids 390-411 in Prp43 functionally interacts with Ntr1.
The finding that changes in either a small segment of the ATPase/helicase domain or the C-terminal domain of Prp43 elicited synthetic lethality with ntr1 mutants suggested that those regions might play redundant roles. To test for functional redundancy between Y402A and the C-terminal 45-amino-acid segment, we introduced the Y402A mutation into the truncated PRP43 gene. We found that prp43-Y402A-C⌬45 failed to support growth of prp43⌬ NTR1 cells (data not shown), thereby mimicking the defect elicited by either prp43-Y402A or prp43-C⌬45 in ntr1-L68A cells ( Fig. 5C; Supplementary Fig.  2B ). Also, the mutational effects of prp43-Y402A-C⌬35, a version in which the C-terminal 35 amino acids were deleted, phenocopied the severe growth defect elicited by prp43-C⌬35 in ntr1-L68A cells (Fig. 5D) . These results indicate redundancy between Tyr-402 and the nonessential C-terminal segment of Prp43 for functional interaction with Ntr1.
Tyr-402 in Prp43 is a component of the Ntr1-Prp43 interface
We purified recombinant Prp43-Y402A and measured the protein's biochemical activities. The ATPase and RNA unwinding activities were similar to wild-type Prp43 (data not shown). In contrast to wild-type Prp43, however, Prp43-Y402A showed reduced binding to Ntr1 in a pull-down assay, and Ntr1 did not stimulate the helicase activity of Prp43-Y402A (Fig. 6A, left panel; data not shown). We propose that a conserved peptide between motifs V and VI in Prp43 contains components of 
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Reconstitution of lariat-intron release activity
Prior studies showed that depletion of Ntr1/Ntr2 or Prp43 from yeast extracts resulted in accumulation of excised lariat-intron RNA (Tsai et al. 2005) . The release defect was alleviated when depleted extracts were supplemented with Ntr complex affinity-purified from yeast extracts. Here, we sought to reconstitute activity with purified recombinant components. Splicing extract was prepared from a yeast strain in which both Ntr1 and Prp43 were expressed as fusion proteins carrying C-terminal TAP tags (Rigaut et al. 1999 ). This allowed for simultaneous removal of Ntr1-TAP and Prp43-TAP by binding to IgG sepharose. 32 P-labeled ACT1 pre-mRNA was incubated in ⌬ntr1⌬prp43 extract in the presence of ATP-Mg 2+ for 20 min and the mixture was then sedimented in a 15%-40% glycerol gradient to determine whether the splicing products were released or retained in spliceosomes. Aliquots of odd-numbered gradient fractions were analyzed by denaturing PAGE (Fig. 6B) . The bulk of the spliced mRNA sedimented close to the top of the gradient signifying that it was released. In contrast, excised lariat-intron RNA was spliceosome associated, insofar as it sedimented together with the products of the first transesterification reaction, the 5Ј exon and lariat-intermediate (fractions 15-19) . Thus, simultaneous depletion of Ntr1 and Prp43 blocked spliceosome disassembly after mRNA was released, similar to depletion of Ntr1/Ntr2 (Tsai et al. 2005) , or inhibition by ATPase-defective Prp43 proteins (Martin et al. 2002) .
To assess the requirements for restoring lariat-intron release activity to ⌬ntr1⌬prp43 extracts, ACT1 premRNA was reacted for 20 min and then ATP was depleted by endogenous hexokinase upon addition of glucose. Aliquots of the mixture were supplemented with recombinant Prp43 and Ntr1 proteins and incubated further in the presence or absence of added ATP-Mg 2+ (Fig.  6C) . The levels of excised lariat-intron RNA served as a gauge for activity, insofar as spliceosome-associated RNA is protected from debranching and degradation, while released lariat-intron is rapidly degraded in extracts (Martin et al. 2002) . Functional complementation of ⌬ntr1⌬prp43 extract, indicated by low levels of lariatintron RNA, was achieved by supplementing Prp43 and Ntr1 proteins plus ATP (Fig. 6C, lane 8) . Addition of Prp43 protein alone (+ATP or −ATP) did not lead to a decrease in the level of lariat-intron RNA (Fig. 6C, lanes  5,6) , showing that the activity was dependent on Ntr1. Ntr1(1-120) failed to complement the reaction (data not shown). Addition of Ntr1 alone (+ATP) did not suffice for efficient intron release (Fig. 6C, lane 4) , although the lariat-intron levels (normalized to mRNA) were reproducibly 20%-30% lower than those in reactions without added protein (Fig. 6C, lane 4 ; data not shown), indicating that Prp43 might not have been completely depleted. Using Western blot analysis with ␣-Prp43 antibodies, we found that the ⌬ntr1⌬prp43 extract contained residual Prp43-TAP protein (10%-15% compared with the amount seen in undepleted extract, with a detection limit of ∼5%) (data not shown). In summary, our results show that efficient lariat-intron release in ⌬ntr1⌬prp43 extracts depends on Prp43 and Ntr1 proteins and on ATP. The ATP requirement was satisfied by all common NTPs and dNTPs, but not the nonhydrolyzable ATP analog AMP-PCP (data not shown). ATPase-deficient Prp43 proteins, or the T384A and T384V mutant proteins, were ineffectual for lariat-intron release (data not shown). Although purified recombinant Ntr2 protein could not substitute for Ntr1 (data not shown), we cannot rule out the possibility that Ntr2 was required in addition to Ntr1. If Ntr2 was codepleted by association with Ntr1, then the small amounts of Ntr2 that are present in our preparation of recombinant full-length Ntr1, might suffice for functional complementation.
Synergy between Prp43-Y402A and Ntr1-L68A in vitro
If the observed genetic interactions between Prp43 and Ntr1 were important for the proteins' functions during spliceosome disassembly, then Prp43-Y402A and Ntr1-L68A proteins should not promote lariat-intron release in ⌬ntr1⌬prp43 extract. Because depletion of Prp43 was incomplete, we prepared extract from a yeast strain expressing Ntr1-TAP and Prp43-Y402A-TAP. Thus, any residual Prp43 protein in the ⌬ntr1⌬prp43 m extract was the Y402A mutant. Labeled ACT1 pre-mRNA was incubated in ⌬ntr1⌬prp43 m extract in the presence of ATP for 20 min. Aliquots of the mixture were then supplemented with various combinations of proteins and further incubated for 10 min (Fig. 6D) . Addition of wild-type Ntr1 and Prp43 proteins resulted in low levels of lariat-intron RNA, indicating that the intron was efficiently released (Fig. 6D, lane 2) . Lariat-intron was also released, albeit less efficiently, when the splicing mixtures were supplemented with wild type Ntr1 and Prp43-Y402A (Fig. 6D,  lane 3) , or with Ntr1-L68A and wild type Prp43 (Fig. 6D,  lane 5) . In contrast, Ntr1-L68A failed to trigger lariatintron release alone or together with Prp43-Y402A (Fig.  6D, lanes 4,6) . We conclude that the Prp43-Ntr1 interaction is important for the final step of splicing and that in the context of the spliceosome, losing more than one constituents of the Prp43-Ntr1 interface is necessary to disrupt the proteins' functional interaction.
Interaction with Ntr1 is important for Prp43's association with the spliceosome
The allele-specific synthetic lethal effects described above point to the functional requirement for (1) a small segment (amino acids 390-411) within the ATPase/helicase domain of Prp43, (2) residues within an ∼300-aminoacid C-terminal region conserved between Prp43 and the other DEAH-box splicing factors, and (3) the final 45-amino-acid segment that is unique to Prp43, when interaction with Ntr1 is impaired. Whereas residues in the ATPase/helicase domain directly contribute to Ntr1 binding (Fig. 6A) , truncating Prp43 by 45 or 55 amino acids did not abolish binding with Ntr1(1-120) in vitro (see Supplementary Fig. 3) , suggesting that Prp43's C-terminal region might be involved in other contacts within the spliceosome or contribute otherwise to Prp43 activity.
We sought to assess whether Prp43's spliceosome binding was affected by mutations that depended on wild-type Ntr1 function. Prior studies showed that catalytically inactive Prp43 mutants, including the ATPasedefective T123A, retain the ability to bind to spliceosomes and thus lead to dominant-negative growth inhibition when overexpressed in wild-type cells (Martin et al. 2002; Tanaka and Schwer 2006) . We introduced prp43 mutations into GAL1-prp43-T123A and transformed the plasmids into wild-type cells (Fig. 7A ). All strains grew equally well on glucose-containing medium. Galactoseinduced expression of T123A prevented growth of wildtype cells (Fig. 7A) . The F437A, L439A-Y440A, I648A-R649A-K650A, or W717A-L718A-I719A mutations, relieved the dominant-negative effect of T123A. The triplealanine mutations F520A-P521A-L522A and T544A-I545A-V546A, which showed no genetic interaction with NTR1 (see Supplementary Table 1) , failed to alleviate T123A's dominant-negative effects ( Fig. 7A; data not  shown) . The galactose-induced Prp43 protein levels, gauged by Western blot analyses, were similar in strains containing wild-type or the various Prp43 mutants (data not shown), arguing against the formal possibility that loss of growth inhibition was due to nonspecific effects, such as unfolding and degradation of the T123A protein in the presence of C-terminal mutations. Rather, we suggest that the residues in the C-terminal domain of Prp43 that, when replaced by alanine, alleviate the dominantnegative effect of T123A and are lethal in ntr1-L68A cells, play a role in Prp43's spliceosome binding.
In contrast to nonfunctional prp43 alleles that disrupt the ATPase/helicase functions of Prp43, overexpression of the lethal D393A allele did not prevent cell growth, indicating that D393A did not effectively compete with wild-type Prp43 (Fig. 7) . Because Asp-393 is located at the putative Prp43/Ntr1 interface (Fig. 5) ) that defines the C-terminal margin of essentiality (Martin et al. 2002) . Overexpression of the lethal prp43(1-712) allele did not prevent growth of wild-type cells (data not shown) and truncating the T123A mutant by 55 amino acids (to terminate at amino acid 712) relieved its dominant-negative effect (Fig. 7A) . Control experiments showed that deleting the C-terminal 55-amino-acid segment did not impact on expression levels or nuclear localization of Prp43(1-712) (data not shown). Although the C-terminal 55-amino-acid segment of Prp43 appears to contribute to spliceosome binding, it is unlikely to do so through direct interaction with Ntr1, because the Prp43(1-712) protein remained competent to bind Ntr1 ( Supplementary Fig. 3 ). Taken together, these findings suggest that Prp43 associates with the spliceosome via direct binding to Ntr1 and also via other contacts that are mediated by residues in the C-terminal domain, including the 717 WLI 919 tripeptide. The C-terminal 45-amino-acid segment unique to Prp43 is essential only when interaction with Ntr1 is impaired. Dominant-negative growth inhibition by T123A was not alleviated when the final 45 amino acids were removed (Fig. 7A) , suggesting that the peptide is not involved in spliceosome binding, but rather affects Prp43 activity. It is noteworthy that the slight growth defect observed upon overexpression of wild-type Prp43 was ameliorated by truncating the C-terminal 45 amino acids in Prp43 (Fig. 7A) .
Dominant-negative effects of Ntr1 mutants
We used similar approaches to assess whether Ntr1 might depend on its interaction with Prp43 for spliceo- Figure 7 . Dominant-negative effects in vivo. Wild-type strains harboring an empty vector or plasmids (TRP1 CEN) with the indicated prp43 alleles (A), and ntr1 mutants (B) under the transcriptional control of the GAL1 promoter were grown in liquid raffinose-containing medium. The cultures were adjusted to A 600 of 0.1 and 10-fold serial dilutions were spotted to synthetic agar medium lacking tryptophan and containing glucose or galactose. The plates were photographed after incubation for 2.5 d (glucose) or 4 d (galactose) at 30°C. some binding. Wild-type NTR1 and the lethal alleles L68A- L80A, ntr1(71-708) , and ntr1(1-568) were placed under the transcriptional control of the GAL1 promoter and introduced into wild-type cells (Fig. 7B) . Overexpression of wild-type Ntr1 and a nonfunctional C-terminal truncation mutant elicited a slight growth defect (Fig.  7B , cf. vector and wild type). However, galactose-induced overexpression of the L68A-L80A mutant, which failed to interact with Prp43 in vitro, and of N⌬70, a mutant that lacks part of its N-terminal G-patch motif, completely blocked growth of wild-type cells. The finding that the Ntr1 G-patch mutants block the function of wild-type Ntr1 is consistent with the idea that Ntr1 can bind to the spliceosome irrespective of Prp43.
Discussion
Prp43 binds to ssRNA with high affinity and, propelled by NTP hydrolysis, the enzyme can unwind short nucleic acid duplexes in vitro (Tanaka and Schwer 2006 ). Here we report that Prp43's feeble helicase activity is enhanced by binding to Ntr1. This study demonstrates that the motor activity of a DEAH-box splicing factor is regulated by an accessory protein and, more importantly, it shows that the stimulation is crucial for mRNA splicing. We propose that Ntr1 aids in the recruitment of Prp43 to the splicing complex and that it then activates the Prp43 helicase to disrupt RNA-RNA or RNA-protein contacts in the spliceosome to dissociate lariat-intron RNA.
With the exception of vaccinia virus NPH-II, a processive DExH-box helicase (Shuman 1992; Jankowsky et al. 2000) , the RNA unwinding activities of other characterized DExD/H box enzymes are either weak or undetectable in vitro, prompting speculations about the requirement for specific cofactors or substrates (Silverman et al. 2003) . Accessory factors that enhance RNA helicase activity have been described for the translation initiation factor eIF4A, the exon-junction complex component eIF4AIII, and hepatitis C virus NS3 (Howe et al. 1999; Rogers et al. 2001; Noble and Song 2007) . For example, the DEAD-box helicase eIF4A is stimulated by eIF4B and by the scaffold protein eIF4G within the eIF4F complex. Enhancement of RNA unwinding is, at least in part, accomplished by increasing the RNA binding and ATPase activities of eIF4A. The eIF4B protein directly provides an RNA-binding function, and structural data suggest that eIF4G functions to hold the two helicase domains of the eIF4A protein in a conformation that is favorable for RNA and ATP binding (Rogers et al. 2001; Oberer et al. 2005) . The RNA unwinding activity of NS3 is stimulated by NS4A, which enhances the loading of NS3 onto RNA (Howe et al. 1999; Pang et al. 2002) .
Here we find that binding to Ntr1 enables Prp43 to unwind a relatively stable 3Ј-tailed 35-bp duplex, raising the possibility that Ntr1 affects processivity of the Prp43 helicase. Ntr1 does not alter Prp43's requirement for a ssRNA overhang to afford duplex unwinding, and stimulation is not at the level of ATP hydrolysis, insofar as Ntr1, which has no catalytic activity on its own, does not influence Prp43's ATPase activity in the presence or absence of an RNA cofactor. Although Prp43 binds to the helicase substrate with nanomolar affinity in the absence of ATP, we have not detected a higher-order complex in native gels when Ntr1 or Ntr1(1-120) proteins were included in the binding reactions. Further studies will be necessary to determine how Ntr1 stimulates Prp43's helicase activity, but at first glance, the mechanism is likely to be distinct from the mechanisms employed by other RNA helicases and their partners. The stimulatory effect of Ntr1 appears to be specific to Prp43, insofar as Ntr1 does not enhance the helicase activity of Prp22, a DEAH-box helicase that functions during the mRNA release step (our unpublished data). There is no evidence to date that Prp22 helicase depends on an accessory factor, and mutational studies show that there is an excellent correlation between Prp22's ability to unwind nucleic acid duplexes and to elicit release of mRNA from the spliceosome (Schwer and Meszaros 2000; Campodonico and Schwer 2002; Schneider et al. 2004) .
Two lines of evidence support the conclusion that the functional interaction with Ntr1 is critical for Prp43's role during lariat-intron release. First, mutations in Prp43 that uncouple ATP hydrolysis from Ntr1-stimulated helicase activity, cause lethality and ablate lariatintron release in vitro. Such mutations do not affect binding of Prp43 to Ntr1 or to the spliceosome. Second, mutations in Prp43 and Ntr1 that impair protein-protein interaction, and hence stimulated helicase activity, are deleterious to intron release and cell growth. Within the Ntr1 protein, constituents of the Ntr1/Prp43 interface include amino acids that are conserved in G-patch proteins (Fig. 4) . Glycine-rich motifs are present in many proteins implicated in RNA processing events, including splicing (Aravind and Koonin 1999; Jurica and Moore 2003; Behzadnia et al. 2007 ).
The G-patch splicing factor Spp2 interacts with Prp2, a DEAH-box NTPase required for the first transesterification reaction of pre-mRNA splicing (Roy et al. 1995) . Within the G-patch motif of Spp2, Leu-109 (corresponding to Leu-68 in Ntr1) was shown to be important for interaction with Prp2 in a two-hybrid assay ). On the Prp2 side, a short 11-amino-acid peptide (   845   DCLVIPKEEWL   855 ) within the C-terminal domain is critical for interaction with Spp2. Because the same 11-amino-acid segment is also important for Prp2's ability to bind to the spliceosome (Edwalds-Gilbert et al. 2004 ) it was proposed that Prp2 associates with the spliceosome by binding to Spp2. Thus, the interaction with Spp2 likely contributes to the functional specificity of Prp2 during the first transesterification step ). It is not reported whether binding to Spp2 activates the enzymatic activities of Prp2, an NTPase, for which helicase activity has not been detected (Kim et al. 1992) .
Analogous to Prp2/Spp2, direct binding to Ntr1 might be important for the recruitment of Prp43 to the spliceosome. Consistent with this idea, Boon et al. (2006) re-ported that an ATPase-deficient Prp43 mutant protein fails to bind to spliceosomes produced in extract that was substantially depleted of Ntr1. We show here that Prp43's association with the spliceosome relies on direct interaction with Ntr1 and also on other contacts (Fig.  7A) . Allele-specific synthetic lethal effects reveal that residues in the C-terminal domain of Prp43 are necessary for spliceosome binding and Prp43 activity when Ntr1/ Prp43 binding is compromised by mutations in the putative binding interface. For example, the 717 WLI 719 tripeptide within the 713 VRPEWLIEIA 722 segment contributes to spliceosome binding, whereas the C-terminal 45-amino-acid segment unique to Prp43 does not play a role in spliceosome binding, but otherwise affects Prp43 activity.
In vitro depletion/reconstitution assays show that Prp43 and Ntr1 are needed to release excised lariat-intron RNA from the spliceosome in an NTP-dependent fashion ( Fig. 6A ; Tsai et al. 2005) , arguing against a functional requirement prior to this step. Consistent with their principal roles occurring after both catalytic steps of splicing are complete and mRNA is released, yeast Prp43 and Ntr1 proteins are, by immunoprecipitation and affinity-purification analyses, primarily found associated with complexes that contain excised lariat-intron RNAs and the U2/U6 and U5 snRNAs (James et al. 2002; Martin et al. 2002; Tsai et al. 2005; Boon et al. 2006; Pandit et al. 2006; Small et al. 2006 ). Affinity-purification studies revealed that Prp43 is also a component of preribosomal complexes and conditional inactivation of prp43 mutants demonstrated a role for Prp43 in prerRNA processing, and hence, ribosome biogenesis (Lebaron et al. 2005; Combs et al. 2006; Leeds et al. 2006) . If Prp43 functions similarly during pre-rRNA processing as it does during splicing, then its role might depend on stimulation by Gno1, a G-patch protein that, like Prp43, is a component of multiple preribosomal complexes (Lebaron et al. 2005) .
Although Ntr1 is mainly associated with splicing complexes that contain excised lariat-intron RNAs, Ntr1 has been detected in spliceosomes that were stalled prior to the first or second transesterification step in vitro, possibly indicating an earlier role (Tsai et al. 2005; Pandit et al. 2006) . In addition to releasing lariat-intron RNA as part of the normal splicing cycle, Ntr1 and Prp43 have been implicated in a turnover pathway for defective spliceosomes (Pandit et al. 2006 ). This proposal comes from the finding that several ntr1 alleles (also called spp382) and prp43 mutants with reduced activity suppress the temperature-sensitive growth phenotype of prp38-1, a mutant that impairs spliceosome activation by slowing the release of U1 and U4 snRNA (Xie et al. 1998) . It is thought that reducing the activity of the disassembly factors Ntr1/Prp43 allows more time for compromised splicing complexes to proceed and thereby alleviate the growth defect in prp38-1 cells. Our finding that residues in the G-patch of Ntr1 are critical for direct interaction with Prp43 provides a plausible explanation for the observation that ntr1 alleles (spp383-2 and spp382-3) with G-patch mutations fail to suppress temperature sensitivity of prp38-1 cells (Pandit et al. 2006) and argues that Ntr1 and Prp43 cooperate similarly in both disassembly processes.
We propose that Ntr1, which can associate with spliceosomes independent of Prp43 ( Fig. 7B ; Tsai et al. 2005; Pandit et al. 2006) , aids in the recruitment of Prp43 and then stimulates the helicase activity of Prp43 to effect spliceosome disassembly. DExD/H box NTPases can remodel RNP assemblies by disrupting RNA helices and displacing proteins from RNA (Jankowsky and Bowers 2006) . The biochemical characteristics of Prp43 are consistent with a scenario in which the enzyme binds to ssRNA and translocates, energized by NTP hydrolysis, to disrupt RNA/RNA or RNA/protein contacts in the spliceosome. The challenge now is to identify the molecular target for Ntr1-stimulated helicase activity.
Materials and methods

Targeted mutagenesis and analysis of Prp43 and Ntr1 mutants in vivo
Mutations were introduced into the PRP43 and NTR1 genes using the two-stage PCR overlap extension method. The mutated PRP43 and NTR1 DNA fragments were inserted into p358-Prp43 (TRP1 CEN) (Martin et al. 2002) and p413-Ntr1 (HIS3 CEN) (see the Supplemental Material for a description of plasmids and strains), respectively, in lieu of the wild-type gene. The plasmids carrying the PRP43 mutant alleles were transformed into the prp43⌬ strain that carries the PRP43 on a CEN URA3 plasmid. Trp + transformants were selected and streaked to 5-FOA medium to select cells that had lost the PRP43 URA3 plasmid. The plasmids carrying the NTR1 mutant alleles were transformed into the ntr1⌬ strain containing NTR1 on a CEN URA3 plasmid. His + transformants were selected and streaked to 5-FOA medium to select cells that had lost the NTR1 URA3 plasmid. The ability of the mutant alleles to support growth on 5-FOA was assessed at 18°C, 30°C, and 37°C.
Expression and purification of Ntr1 proteins
A DNA fragment spanning the Ntr1 ORF was inserted into pET28-His 10 Smt3 (a gift from Dr. Christopher Lima, Sloan-Kettering Institute, New York). For coexpression of His 10 -Smt3-Ntr1 and untagged Ntr2, plasmid pET16-Ntr2/His 10 -Smt3-Ntr1 (see the Supplemental Material) was transformed into Escherichia coli BL21-Codon Plus (DE3) (Novagen). Cultures were inoculated from single colonies and maintained in logarithmic growth at 37°C in LB medium containing ampicillin (100 µg/ mL). [For expression of Ntr1-L68A, pET28-His 10 Smt3-Ntr1-L68A was transformed together with tag-free pET16-Ntr2 into BL21-Codon Plus (DE3) cells. Cultures were grown in LB medium containing ampicillin (100 µg/mL) and kanamycin (50 µg/ mL).] When the A 600 of a 1-L culture reached 0.6-0.8, the culture was chilled for 30 min on ice, IPTG was added to a final concentration of 0.4 mM, and the culture were incubated for 16 h at 17°C with constant shaking. Cells were harvested by centrifugation and stored at −20°C.
The procedures for the purification of Ntr1 were carried out at 4°C and are described in detail in the Supplemental Material.
